Radiotherapy is generally used to treat a localized target that includes cancer. Mounting evidence indicates that radiotherapy also recruits biological effectors outside the treatment field, and has systemic effects. The implications of this aspect are discussed in this review, in the context of understanding the role of the host's immune system in cooperating with standard cytotoxic treatments. Since effects from both chemotherapy and radiotherapy are sensed by the immune system, their combination with immunotherapy presents a new therapeutic opportunity. Radiotherapy carries the advantage of directly interfering with the primary tumor site, and potentially reverting some of the established immuno-supressive barriers present within the tumor microenvironment, ideally recovering the role of the primary tumor as an effective immunogenic hub. Local radiation also triggers systemic effects that can be harnessed in combination with immunotherapy to induce responses outside the radiation field. This review will cover some of the preclinical and clinical evidence in this regard.
INTRODUCTION
Ionizing radiation has been harnessed for over a century to treat cancer based largely on the rationale that rapidly proliferating cancer cells are more sensitive than normal tissues to DNA damage induced by radiation. The 5Rs of radiation biology, Repair, Reassortment, Repopulation, Reoxygenation, and Radiosensitivity, have traditionally recapitulated the therapeutic principles to maximize the anti-cancer effects while minimizing the toxic effects on the normal tissue included in the field of treatment [1] . Intrinsic radiosensitivity of different cancer cells has been extensively studied, but the mechanisms underlying this important variable remain incompletely understood. Most investigations of the determinants of radiosensitivity have focused on DNA damage and repair capacity of cells hit by radiation [2] , whereas the critical experimental observation that the radiosensitivity of tumors in vivo is profoundly affected by the immunocompetence of the host, remained generally ignored for almost thirty years [3] . Recently, novel molecular pathways activated during cell stress were discovered to contribute to a type of cell death that is "immunogenic", enabling important signaling to the immune system [4] . The relevance of this peculiar type of cell death induced by radiation is beginning to be understood, together with its potential clinical implications [5] . Importantly, an increased appreciation of the complex relationship between dying cells, their microenvironment, and the host immunological habitus is emerging [6] . This knowledge supports the consideration of a paradigm shift to interpret the response to radiotherapy in cancer patients, by acknowledging an active role of the patient's immune system. Figure 1 shows the lymphocitic infiltration of a locally advanced breast cancer in a patient treated with a protocol of concurrent chemo-radiation. If successful, this process results in the acquisition of a tumorspecific immunity able to attack both the original tumor site as well as the metastatic sites, impacting patient's survival. This novel perspective opens new clinical avenues to exploit the indirect effects of radiation within and outside the field of treatment and to explore combinations with established forms of immunotherapy.
This review includes the preliminary clinical evidence that radiation effects can be harnessed to result in inhibitory effects on tumor growth outside the treatment field, which cannot be explained only by direct damage to cancer cells. These effects appear to occur over a wide range of radiation doses and fractionation. Importantly, since clinical radiotherapy to a localized field inevitably exposes the rest of the organism to some dose of radiation (through internally scattered dose and from leakage from the collimated radiation source), it is relevant to distinguish these effects from systemic consequences of the stress response to ionizing radiation. For the scope of this review, we have grouped these effects of radiation into four sections: responses of un-irradiated cells to signals from irradiated cells; consequences of dose exposure to the rest of the body, after localized radiotherapy; radiation effects on the tumor microenvironment that result in systemic effects; and abscopal effects, from the latin ab scopus, consequences of radiotherapy that manifest away from the irradiated target [7] . While the first two types directly depend on exposure to a radiation dose, radiation-induced abscopal effects refer to those occurring far away from the irradiated site, independently from any direct exposure to radiation.
Responses of un-irradiated cells to signals from irradiated cells
Recent experimental strategies underscored radiation effects on cells adjacent to the irradiated cells, either within the radiation field or in its proximity, in a lower dose range of tissue dose exposure. In 1992 Nagasawa and Little reported the finding that, despite the experimental conditions in which only 1% of the cell population had been traversed by a densely ionizing particle, 30% of the population displayed chromosome damage in the form of sister chromatid exchanges [8] . Similarly, studies in rodent pulmonary epithelial cells demonstrated p53 induction in a much larger fraction of cells than that exposed to radiation. These effects occurring in cells that were not themselves directly irradiated were defined as "bystander effects" [9] , and ranged from induction of genomic instability and gene mutations to cell-kill. Bystander effects transmission to non-irradiated cells has been demonstrated in experimental conditions that enable to irradiate only the cytoplasm of cells [10] . The report of chromatid breaks in the grafted marrow from his donor sister in a man rescued after lethal exposure to radiation from a nuclear accident in Japan is a classic example of bystander effects of radiation [11] . Partial lung radiation experiments in rats demonstrated effects in the shielded lung volume adjacent but external to the targeted field, where increased expression of Tumor Necrosis Factor alpha (TNF-α), Interleukin-1 alpha (IL-1α), Interleukin-1 beta (IL-1β), Interleukin-6 (IL-6), and Transforming Growth Factor beta (TGF-β) were also detected [12] [13] [14] . The nature of these signals and their role in radiation-induced second malignancies have been previously reviewed [2, 15] . Importantly, these non-targeted effects of radiotherapy involve the innate immune system and can occur outside the field of radiation.
Effects outside the field of local radiotherapy
Clinical radiotherapy for cancer inevitably exposes the rest of the body of the patient to some radiation dose, mediated by cellular and microenvironmental signaling [16, 17] . Importantly, in vivo experiments have demonstrated that cells of the innate immune system can be activated by ionizing radiation to produce the pro-inflammatory mediators of genomic instability [18, 19] . In a model of radiation-induced leukemogenesis, recognition of the apoptotic spleen cells by macrophages following 4 Gy irradiation was responsible for their activation [18] . The activated macrophages induced chromosomal instability in non-irradiated hematopoietic cells via the production of TNFα and reactive nitrogen species [19] .
The intrinsic specificity of the experimental model chosen and of the genetic and immunological background of the irradiated animal appear to govern the type of responses detected after ionizing radiation. For instance, macrophages from the CBA/Ca strain susceptible to radiation-induced acute myeloid leukemia show an M1-like (pro-inflammatory) phenotype, whereas in the leukemia-resistant strain the macrophages have a predominantly M2-like (pro-wound-healing) phenotype [20] . Radiation induces "danger signals" that trigger inflammation; however, the interpretation of this process by the innate immune system appears dependent on the genetic background of the host [21] . Similarly, the outcome of the inflammatory response triggered by radiation can be a desirable or undesirable one depending upon the context. In the model of carcinogenesis discussed above, the M1 activation of the macrophages promoted genomic instability, potentially increasing the risk for leukemia development [20] , whereas in most malignances it is the M2 type macrophages that have been associated with pro-tumorigenic activity, while the M1 type macrophages have anti-tumor activity, mediated directly by the ability to kill tumor cells, as well as indirectly by the activation of adaptive anti-tumor immunity [22] .
In the clinic, the interplay between the host's genetic background and the response to radiation exposure is elegantly exemplified by the work of Flint-Richter and Sadetzki. Based on the established risk for meningioma after radiation treatment for tinea capitis, they studied 525 families with a history of radiation exposure for this condition and whose members were classified based on the disease status and treatment. Eleven percent of the families with members diagnosed with a radiation-associated meningioma had additional first degree relatives with the condition, compared to one percent of the families without cases of radiationassociated meningioma (p-0.04) [23] . These results highlight the role of genetic susceptibility as a determinant of carcinogenesis risk after radiation exposure.
A similar genetic predisposition to hamper an immunogenic cell death was reported in an analysis of 280 node-positive breast cancer patients who were treated with doxorubicin-based adjuvant chemotherapy and local radiation. Both chemotherapy and radiotherapy cell killing generate signals from dying cells that target Toll-like receptor 4 (TLR4) on dendritic cells (DC), to enable efficient processing of antigens and their cross-presentation. Carriers of a polymorphism of the TLR4Asp299Gly had a significantly inferior disease-free survival when compared to the patients who had the normal allele (p=0.003) [5] . Both individual inherited radio-sensitivity [24] and immunity contribute to the explanation of the wide range of response observed after radiation.
The dose of radiation has been demonstrated to be associated with different effects. At radiation doses <0.5 Gy, generally too low to directly induce cell death, irradiated cells release oxygen and nitrogen radicals that activate innate immune cells, such as macrophages, to release cytokines. Depending on the environment and genetic background, this process can result in chronic inflammation that causes genetic alterations and cell death as a secondary event. It is in this setting that the immune-modulating effects of radiation promote mostly a pro-tumorigenic role of the immune system [20, 25] . Conversely, at doses sufficient to directly provoke significant cell death, radiation induces specific signals of danger that are sensed by innate immune cells such as dendritic cells, and lead to the activation of an adaptive immune response [4] . In the case of cancer radiotherapy this process can promote anti-tumor immunity.
Therefore, the immune-modulating effects of radiation are influenced by the dose, the type of signals generated by irradiated and non-irradiated cells, and by the activation of different types of innate immune cells. The tissue microenvironment and the presence of other immune modulators --e.g., infectious agents --regulate, together with the genetic background, the outcome of this process.
Radiation on the tumor microenvironment: the irradiated tumor as an immunogenic hub
Experimental evidence has unequivocally demonstrated that the immune system is an active participant in tumor progression, exerting both pro-tumorigenic and anti-tumor activities [26, 27] . Clinically apparent tumors have successfully undergone a selection process called "immuno-editing" and are resistant to immune rejection [27] . The mechanisms of resistance are multiple and complex and include production of immunosuppressive cytokines, downregulation of antigenic molecules on the cancer cells, recruitment within tumors of immunoregulatory myeloid and lymphoid cells, and dysfunction of dendritic cells (DC) [28, 29] . Importantly, many of these factors hinder the success of immunotherapy. Radiation effects go far beyond the expected reduction in viable cancer cells, resulting in modifications of the tumor microenvironment that can interfere with its resistance to immune rejection. Figure 2 graphically displays the hypothesis that the tumor and its microenvironment can be modified by treatment with ionizing radiation to enable the generation of a tumor-specific immune response. The microenvironment of solid tumors (central panel) includes, besides the neoplastic cancer cells, an atypical vascular network that results from angiogenesis and vasculogenesis, fibroblasts, and a variety of inflammatory cells. Among the latter, tumorassociated macrophages promote tumor progression by secreting a variety of factors, including matrix metalloproteinases and immunosuppressive cytokines [22] . Other myeloid cells, such as myeloid-derived suppressor cells (MDSC) contribute to angiogenesis and vasculogenesis and, together with regulatory T cells, are powerful suppressors of anti-tumor effector T cells [30, 31] . DC are present, but tumor and stromal secretion of vascular endothelial growth factor (VEGF), interleukin (IL)-10 and TGF-β inhibits their maturation into effective antigenpresenting cells [32] . Panel A and B schematically describe some of the recently discovered effects of ionizing radiation at the site of the irradiated tumor. Radiation can produce an immunogenic death of the most radiosensitive subset of cancer cells [33] . The recent identification of two mediators of this process, calreticulin (CRT) and high-mobility group protein B1 (HMGB1), has shed light on the mechanism by which the irradiated tumor becomes a robust source of antigens for an in situ auto-vaccination [5, 34] . Translocation of CRT to the surface of dying cancer cells promotes their uptake by DC and release of antigens that can be efficiently presented by DC. Release of HMGB1 by the dying cancer cells provides a danger signal that activates DC through the TLR4 pathway.
When the damage of radiation is not sufficient to induce death, survivin cancer cells display enhanced expression of adhesion molecules such as intercellular adhesion molecule (ICAM)-1, death receptor Fas, and major histocompatibility complex class I (MHC-I) antigen-presenting molecules, providing the tools for an improved recognition and killing by anti-tumor T cells [35] . Several hours after radiation exposure, protein translation is activated through the mTOR pathway, with the release of radiation-specific peptides potentially capable to induce a tumorspecific immune-response [36] . A similar effect was reported on the cells at the invasive edge of the irradiated cancer in a model of syngeneic murine brain tumor [37] . Other proimmunogenic mechanisms are triggered by ionizing radiation. For instance, immune cells trafficking is enhanced through induction of chemokines, like CXCL16, capable of attracting effector T cells to the irradiated tumor site [38] . These changes are likely to reflect on clinical responses: for instance, CXCL16 induction was demonstrated to be a critical component of the successful combination of radiotherapy and CTLA4 blockade in a syngeneic mouse model of metastatic breast cancer [38, 39] .
The activated DC loaded with tumor-derived antigens migrate to the tumor-draining lymph nodes (panel C). If the lymph nodes are outside of the treatment field, naïve T cells of the right specificity can be activated by interaction with the migrated DC, expand, and acquire effector functions. The effector T cells traffic to the irradiated tumor, attracted by the chemokine gradient, and this process is amplified by enhanced expression of vascular cell adhesion molecule (VCAM)-1 on tumor endothelium, which is mediated by IFN-γ produced by the T cells [40] (panel B). IFN-γ also enhances MHC-I expression on the cancer cells sustaining and extending the initial effect of radiation to secure efficient recognition and killing by the T cells [40] . Killing of cancer cells by effector T cells via Fas-induced apoptosis or by cytotoxic granules releases a new wave of tumor antigens that can boost the immune response [41] . This acquired anti-tumor immunity is now available to the host.
The radiation-induced up-regulation of MHC-I and other pro-immunogenic effects described occur at the irradiated site. However, if sufficient T cell effectors are generated, they can infiltrate the metastases and recognize cancer cells. Release of IFN-γ enhances this process, leading to effective elimination of tumor cells in the metastases, outside the radiation field (panel D). In summary, the generation of a sustained anti-tumor immune response at the irradiated tumor site, the "hub", will not only determine the overall response of the irradiated tumor but also mediate an "abscopal effect" on the tumor sites outside of the treatment field.
Clinical evidence in support of this hypothesis is rapidly emerging. For instance, Nesslinger et al compared immune responses before and after radiation versus surgery in patients with prostate cancer [42] . Fourteen percent of patients who were treated with external-beam radiation therapy and 25% of those receiving brachytherapy acquired tumor-specific immune responses as demonstrated by new antibody formation measured by Western blot, compared to none of the patients who were treated by radical prostatectomy. In another study, Schaue et al measured T cell responses to the cancer antigen survivin in colorectal and prostate cancer patients after radiotherapy alone or in combination with chemotherapy [43] . Increases in survivin-specific CD8 cells were seen after therapy in most patients, more commonly in colorectal cancer patients whose tumor responded well to treatment. Of note, some patients also showed increases in regulatory T cells in peripheral blood.
Abscopal effects
In preclinical murine models surgical removal of the primary tumor accelerated the growth of metastatic foci, as measured by labeling index (LI), supporting the hypothesis of a crosstalk between primary tumor and metastases. These experiments provided preliminary evidence of a serum mediator of these effects [44] . Interestingly, in the same model pre-surgical treatment with radiation abrogated the accelerated metastatic growth induced by subsequent surgery [45] .
However, in other models enhancement of distant metastases growth after irradiation of the primary tumor was observed, but the mechanisms involved and the relevance to clinical experience remain unclear [46] . More recently, irradiation of mouse lung carcinoma growing in the leg of syngeneic mice with doses that caused a complete response of the irradiated tumor (one dose of 30 to 40 Gy or five fractions of 10 Gy) resulted in enhanced growth of lung metastases: decreased levels of tumor-derived angiostatin were implicated in this effect [47] . In another model, the mouse MMTV/PyVmT transgenic model of breast cancer, induction of TGF-β1 by local radiation at a dose of 10 Gy was shown to mediate the enhancement of distant metastases [48] . Consistently, the effect was abrogated in tumors lacking the type II TGF-β Receptor. Radiation-increased serum TGF-β levels were also detected in tumor-free mice.
In contrast to the systemic, tumor-enhancing effects discussed above, experimental and clinical evidence in favor of an inhibitory role of local radiation on distant tumor growth has also been reported. It is referred to as the abscopal effect from the original definition by R. J. Mole [7] . Although the term "abscopal effect" has been used to refer to other types of local therapy that have systemic effects [49] , it will be used here exclusively in its original meaning to indicate the effects at sites distant from the locally irradiated site. Clinical reports of an abscopal effect after radiotherapy are not numerous, but this phenomenon was detected in several different tumor types, including lymphoma, melanoma, and a variety of carcinoma [50] [51] [52] [53] .
However, only a few studies have investigated the possible mechanisms of the abscopal effect in experimental animal models. Camphausen et al. showed that irradiation of the leg of immunocompetent mice bearing a syngeneic tumor (lung carcinoma or fibrosarcoma) injected at a mid-line dorsal site resulted in inhibition of tumor growth [54] . The effect was radiation dose-dependent and was more pronounced when higher dose per fraction were used (10 Gy given five times versus 2 Gy given twelve times). Importantly, the effect was not tumor-specific and required intact function of the p53 pathway in the irradiated tissue, while p53 status did not affect the degree of response of the tumor [54] . The discovery that radiation activates p53-dependent pathways that induce the production of growth inhibitors by some human cells in vitro and some (but not all) mouse tissues in vivo provides a possible mechanism for the abscopal effect observed in the above study [55] . Although these findings are intriguing, the relevance to the abscopal effects seen in cancer patients remains unclear.
In another study employing a human pancreatic carcinoma implanted in T cell-deficient (nude) mice at two separate sites, irradiation of one tumor resulted in a slight growth enhancement of the non-irradiated tumor [56] . If radiation was given with concomitant capecitabine (an anticancer prodrug of 5-fluorouracil), the non-irradiated tumor was markedly inhibited, whereas capecitabine alone had no significant effect. The mechanisms of this abscopal effect were not investigated, but since the mice used lacked T cells, this effect could not be mediated by a specific anti-tumor response but rather by cytokines or other innate immune mechanisms.
In marked contrast to the above study, T cells were required for the abscopal effect obtained with the combination of local radiation and Flt-3 Ligand (Flt-3L) in a mouse model of mammary carcinoma [57] . Flt3-L is a growth factor for DC, which are a population of bone marrow-derived professional antigen-presenting cells capable of activating T cells [58] . Tumor cells were injected at two separate sites into syngeneic immunocompetent mice and when one tumor received radiation, the growth of the non-irradiated tumor was not altered. Administration of Flt-3L with radiation but not with mock treatment caused a significant inhibition also of the tumor outside of the radiation field, and the effect was tumor-specific. Development of tumor-specific cytolytic T cells (CTL) in the treated mice further supported the interpretation that the abscopal effect was mediated by anti-tumor T cells activated by the combination of local radiation and Flt3-L [57] .
T cells were also implicated as mediators of the abscopal effect induced by the combination of radiation and ECI301, a recombinant variant of the chemokine macrophage inflammatory protein-1α (MIP1α) in mouse models of carcinoma and sarcoma [59] . Using the same experimental design described above, one tumor site was irradiated and the other served as a read-out of the abscopal effect. Radiation and ECI301 as single modalities did not inhibit the growth of the non-irradiated tumor, whereas in combination they had a significant effect which, depending on the tumor type, required CD4, CD8 T cells or natural killer (NK) cells [59] . Importantly, irradiation of the normal tissue in the leg of mice did not induce the abscopal effect, suggesting that radiation-induced death or stress response of the tumor cells was required to trigger an anti-tumor immune response.
Overall, these data indicate that local radiation can trigger complex tissue responses that can have systemic effects on tumor growth. Radiation dose and tissue type influence the local response. The models chosen, with different degrees of immuno-competence of the host and the intrinsic characteristics of the cancer cells, influence the translation of this response into a systemic anti-or pro-tumor effect. Opposing effects are likely to coexist, explaining the reasons why radiation as a single modality seldom results in clinically significant abscopal effects. However, preclinical as well as recent clinical studies suggest that these effects on the irradiated tissue could be harnessed to enhance the response to different types of cancer immunotherapy [60] .
Clinical evidence of interaction between ionizing radiation and immune response
The concept of harnessing some of the effect of radiotherapy on the primary tumor to recover an efficient systemic immune response invites the combination with already established immunotherapies. The first clinical trial combined a recombinant cancer vaccine with standard definitive radiotherapy in patients with localized prostate cancer [61] .
This was a randomized phase II study, with patients receiving local definitive radiation with or without vaccine. Primary endpoint of the trial was immunologic response, with secondary endpoints of safety and clinical response. A total of 30 patients entered the study. Patients in the combination arm received a priming vaccine of recombinant vaccinia (rV) expressing prostate-specific antigen (PSA) (rV-PSA) admixed with rV expressing the co-stimulatory molecule B7-1 (rV-B7-1), followed by monthly booster vaccines with recombinant fowlpox (rF)-PSA. The vaccines were given with local granulocyte-macrophage colony-stimulating factor (GM-CSF, Leukine) and low dose systemic IL-2. While no detectable increases in PSAspecific T cells were seen in the radiotherapy-only arm, the 13 patients who completed the vaccination and radiation course had at least 3-fold increase (P < .0005). There was also evidence of de novo generation of T cells to prostate-associated antigens not present in the vaccine, a phenomenon described as "antigen cascade", among the patients treated in the combination arm, providing indirect evidence of immune-mediated tumor-killing.
After radiation exposure, the role of dying tumor cells in priming DCs was tested in a phase I clinical trial of 14 patients with hepatoma [62] . A single dose of 8 Gy of external-beam radiation therapy to the tumor was followed by an intratumoral injection of immature DCs, delivered on days 2 and 24. Twelve of fourteen patients had a partial response, and most patients had increases in alpha-fetoprotein-specific immune responses by cytokine-release assay and ELISPOT.
In neither trial, however, was it possible to demonstrate a direct link between the induction of an immune response and the clinical outcome. More clinical research is warranted to prove efficacy of combinations of radiotherapy and immunotherapy.
Rationale for combining radiotherapy and GM-CSF
The use of cytokines promoting the growth and differentiation of DC such as granulocytemacrophage colony-stimulating factor (GM-CSF) is one of the most promising approaches in cancer immunotherapy [63, 64] . The rationale is that GM-CSF increases the mobilization, differentiation, and function of DC [65, 66] resulting in potential reversal of the host's immune tolerance its own tumor-associated antigens [67, 68] .
Because of these properties, current cancer vaccine trials often incorporate GM-CSF, either used concomitantly by subcutaneous administration or through the infusion of cells engineered to over-express it [69] . The use of GM-CSF as a single immunotherapy strategy has also shown promise.
A beneficial effect of GM-CSF with chemotherapy was discovered by investigators from the Amsterdam University Hospital who reported the clinical results of a phase II study in patients with locally advanced breast cancer (LABC) treated with neo-adjuvant chemotherapy plus GM-CSF. Six cycles of neo-adjuvant chemotherapy were given with the primary tumor and draining lymph nodes in situ for a prolonged period with GM-CSF administered as a hematopoietic growth factor. Remarkably good response and survival were seen, warranting further exploration of this strategy [70] . Similarly, in patients with high-risk, resected melanoma, one-year treatment with GM-CSF appeared to improve overall survival by almost three-fold compared with matched historical controls [71] . A recent paper on immunemonitoring of a similar series of patients demonstrated that melanoma patients showing a GM-CSF-induced transient increase of DC are more likely to remain in remission [72] . The Eastern Cooperative Oncology Group is currently conducting a randomized trial of GM-CSF in patients with high-risk melanoma: the trial has completed accrual and results are pending.
Encouraged by our preclinical experience of inducing an abscopal effect with the combination of radiotherapy and Flt-3 ligand [57] , we designed a "proof-of principle" clinical trial, aimed at detecting an abscopal response, i.e. a response outside the radiation field after GM-CSF in metastatic cancer patients. Eligible were patients with at least 3 measurable lesions, who had experienced stable disease or progression during systemic chemotherapy. The same systemic therapy was maintained but radiation therapy was added to one lesion, at a dose of 3.5 Gy X 10 daily fractions, over 2 weeks. Starting on day seven (after one week of radiation) GM-CSF, 125 micrograms/m 2 , was given s.c., and repeated daily for 14 days. Abscopal response was defined as a measurable response in any of the lesions outside the radiation field. Assessment was performed by PET-CT. Currently 14 patients have accrued to this trial. Tumor histology was: lung cancer (6), poorly differentiated thymic carcinoma (2), breast carcinoma (4), bladder carcinoma (1), eccrine carcinoma (1). Median age was 62 (range 41-89). A total of 26 cycles of therapy were administered (10 patients received 2 cycles) during chemotherapy. Grade 3 toxicity encountered consisted of lymphopenia in two cases, and thrombocytopenia, anemia or nausea/ vomiting in one case each. Most common toxicity consisted of fatigue: grade 3 in one case and grade 1-2 in ten. Two patients suffered syncopal episodes, possibly related to EDTA in the formulation of GM-CSF used in this trial. At the time of publication, twelve patients could be evaluated for response (i.e. had completed treatment and data from PET/CT before and following therapy were available): four achieved an abscopal response (30%) classified as a partial response of at least one target lesion outside the treatment field. Figures 3 and 4 exemplify an abscopal response. In five patients a decrease in Standardized Uptake Value (SUV) of non-irradiated lesions was observed on PET scan. In three patients the response was preceded by a "flare" effect at PET, possibly corresponding to a robust inflammatory response [73] .
While the preliminary data confirms feasibility of harnessing the local radiotherapy effects to synergize with immune therapy, this trial continues accrual to the planned target number of 29 patients. All patients accrued to this trial had metastatic disease and were heavily pre-treated. Because of these characteristics, it is unlikely for this study to establish whether abscopal responses change the clinical outcome. Adding immune monitoring to detect the immunological response that is associated with the abscopal responses could provide important information and possibly justify testing this combination in an earlier clinical setting.
Conclusions
Multiple lines of evidence suggest that the application of ionizing radiation to a target that encompasses the tumor elicits effects that exceed cell killing per se, and include specific and effective signals to the immune system of the host. The understanding of these signals and their consequences has opened a novel area of research that is based on the acknowledgement that clinical radiotherapy might impact systemic disease through the immune system. While the evidence is rapidly accumulating, more investigation is needed to determine how best to harness these properties of ionizing radiation.
Similarly, the knowledge of what is the ideal combination with immune-therapy remains elusive. Preclinical data suggests that improved activation of effector T cells by CTLA-4 blocking antibodies might enhance the pro-immunogenic effects of radiotherapy [39] . The proimmunogenic effects of radiotherapy, however, are likely to be counteracted by immunesuppressive ones, for example mediated by induction of TGF-β that suppresses the expression of cytotoxic mediators in CD8 cells, and promotes the generation of regulatory T cells [74] . Nevertheless, if the irradiated tumor could be used to generate a vaccine, some adjustment of the standard clinical practice will be required: for instance, irradiation of draining nodes that are not involved by metastases should be avoided since it will deplete the radiosensitive naïve T cells, which are a potential source of tumor-reactive T cells.
In conclusion, the application of clinical radiotherapy as a partner to immune-therapy is opening a new field of investigations. Cytotoxic T lymphocytes (brown) infiltrating residual breast cancer post-radiotherapy Sagittal (3a) and coronal (3b) views of two metastatic lesions in a case of poorly differentiated thymic carcinoma. Two parallel opposed radiation fields treated the most caudal metastasis, deliberately excluding the apical one. 4a. CT cut of the original apical lesion that was not included in the radiation field (see 3a,b). 4b. The same lesion two months after treatment of a different, caudal metastasis with radiation and GM-CSF.
